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@ Improvements In synthetic vascular grafts. 

® A synthetic vascular graft has an inner porous layer, an intemnediate substantially non-porous layer (20) and 
a porous outer layer, in the preferred embodiment the graft being fomied by continuous electrostatic spinning. 
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IMPROVEMENTS IN SYNTHETIC VASCULAR GRAFTS 

The invention relates to synthetic vascular grafts, and more particularly but not exclusively to tubular 
synthetic vascular grafts. 

Various synthetic vascular grafts have been proposed in the past, from woven and knitted fibrous 
structures to electrostatically spun fibrous structures. It has been proposed in the past to vary the structure 
6 of the fibrous grafts across the thickness of the structure but there has been a continuous search for 
improved structures having desirable tissue and blood compatability characteristics, as well as desirable 
physical characteristics, such as resistance to kinking and improved strength characteristics. 

According to the invention there is provided a synthetic vascular graft having a first porous layer 
extending from one surface, a second porous layer extending from a second surface and a substantially 
ra non-porous layer lying between said first and second layers. 

The graft may be tubular, with the porus layers on the inside and outside of the graft. 
The graft is preferably of electrostatically spun polymeric fibres, and preferably formed continuously. 
The polymer may be the same throughout the structure, or may be varied during the production 
process. The substantially non-porous layer may comprise a multiplicity of electrostatically spun fibres 
TS collected in conditions where the fibres are not dry of solvent causing melding of those fibres due to the 
presence of solvent 

The first porous layer may be of different structure from the second porous layer. The first porous layer 
may comprise at least a portion having a mixture of mircofibres of a first diameter substantially randomly 
oriented and microfibres of a second diameter larger than the first and an^nged substantially circumferen- 
20 tially with respect to the longitudinally axis of the tube, there preferably being circumferentially oriented 
voids in the first porous layer. 

The substantially non-porous layer is preferably nearer the outer surface than the inner surface of the 
graft 

The inner layer may comprise a plurality of sub-layers, the innennost of which may comprise a 
25 microstructure of microfibres generally of said first diameter and generally randomly oriented. 
The outenfnost area may comprise a microstructure of microfibres randomly oriented. 
According to the invention there is further provided a method of electrostatically spinning a vascular 
graft using an electrostatically charged, spinning mandrel and electrostatically charged means in the region 
of the mandrel to produce an electrostatic field, which method comprises the steps of selectirig a desired 
30 initial potential for the mandrel, selecting a desired initial potential for the electrostatically charged means 
and intnxJucing fibreizable material into the electrostatic field produced by the mandrel and the electrostati- 
cally charged means to produce a first layer of fibrous structure on the mandrel, altering the spinning 
conditions such that the fibreizable material arrives at the mandrel with sufficient solvent to cause a 
substantially non-porous, non-fibrous layer to form on said first layer of fibrous structure, and altering the 
35 spinning conditions again to produce a second fibrous layer outside said substantially non-porous, non- 
fibrous layer. 

The spinning conditions are preferably varied by altering the electrostatic field, but may be varied by 
altering flow rate of fibreizable material into the electrostatic field. 

The method may include a furtiier step of altering the spinning conditions during production of the first 
40 fibrous layer such that two sub-layers of differing fibrous structures are formed in said first layer. 

Where a vascular graft is to be non-tubular, the method may comprise the steps of forming a tubular 
graft, removing the graft from the mandrel, and cutting the desired dimension of graft from the tube. 

By way of example, one embodiment of a synthetic vascular graft and a method of making the graft 
according to the invention will now be described with reference to the accompanying drawings, in whlch:- 
45 Rgure 1 is a side view of apparatus for spinning a tubular fibrous structure shown in one mode of 

operation; 

Figure 2 is a side view illustrating the apparatus of Rgure 1 in a second mode of operation; 

Figure 3 is a side view of the apparatus of Rgure 1 in a third mode of operation; 

Rgure 4 Is a scanning electron microscope photograph of the microstructure of the surface of a 
50 tubular fibrous structure including tibres of different diameters; 

Figure 5 is a scanning electron microscope photograph of a section through the microstructure of a 
tubular fibrous structure having fibres of different diameters; 

Rgure 6 is a scanning electron microscope photograph of a section tiirough the microstructure of a 
tubular fibrous stmcture including a substantially non-porous layer; and 
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Figure 7 is a scanning electron microscope photograph of the surface of a substantially non-porous 
lay r of a tubular fibrous structure. 

Rgures 1 and 2 Illustrate the apparatus diagrammatically. The general electrostatic spinning process 
has been described in sev ral Pat nt specifications already published, for example earlier published British 
5 Application Nos. 2121286A and 2120946A, 

The apparatus consists of an array of capillary needles 10 mounted on a can-ler (not shown) with means 
for moving the carrier in reciprocating fashion parallel to a mandrel 11. The means for moving the needle 
earner is conveniently a motor. 

The mandrel 11 in the embodiment illustrated is of 4mm diameter although it will be appreciated that 
70 other diameters may be used depending on the type of vascular graft required. There are means for 
rotating the mandrel of a variety of different speeds but typically the speed will be of several thousand 
revolutions per minute. 

The capillary needles 10 are supplied with polymeric material such as polyurethane or another suitable 
polymer In solution (although it is possible to use a suspension) and material emanating from the needles is 
75 attracted towards the mandrel 11 by electrostatically charging the mandrel 11 to a potential of several 
kilovolts with respect to the needles 10. The process results in the production of fibres with collect on the 
mandrel 11 in a manner which has been described in specifications already published. 

It has already been proposed to have electrostatically charges grids on either side of the mandrel 11 
with respect to the needles 10 and in the apparatus of Rgures 1 and 2, pairs of plates 12» 13 and 14. 15 are 
20 provided. The plates 12. 13, 14 and 15 are conveniently of metallic sheeting although barred grids may be 
used if desired. 

The Rgure 1 mode of operation in which all four plates 12, 13. 14 and 15 are electrostatically charged 
to a voltage less than the voltage to which the mandrel 11 is charged is much the same as known 
electrostatic spinning processes and results in an array of fibres leading from the needles 10 to the mandrel 

25 11. Typical voltages for the particular spacing of the plates and size of the mandrel illustrated in Rgure 1 
are 12kV on the mandrel and 6kV on the plates to produce a substantially unifoma microstructure with fibres 
of a diameter substantially in the range 0.5)xm to 2um. Thus the Rgure 1 nnode of operation is substantially 
that described in previous published specifications. 

By changing the mode of operation to that shown in Rgure 2. the fibrous structure fonned on the 

30 mandrel 11 changes substantially. To produce the shape of fibre array emanating from the needles 10 
shown in Rgure 2. the forward plates 12 and 14 of the two pairs of plates are no longer electrostatically 
charged but are at the same potential as the needles 10. The rearward plates 13 fend 15 have parallel 
leading edges which lie in a plane passing through or at least adjacent the mandrel 11 and are charged to a 
higher voltage that was the case in Rgure 1. The mandrel voltage is reduced. This causes fibres to be 

35 attracted more readily towards the rean^vard plates 13 and 15 and thence to a mandrel 11. Some fibres will 
be attracted directly to the mandrel 11. Rne adjustment of the voltages is required to achieve the Rgure 2 
mode of operation and typical voltages are 9.2kV on the plates 13 and 15 and 7kV on the mandrel 11. It will 
be appreciated, however, that the voltage relationship between the mandrel 11 and the plates 13 and 15 will 
differ depending on the plate size and spacing, the mandrel diameter, the spacing of the needles 10 from 

40 the mandrel 11 and the plates 12, 13. 14 and 15 and the flow rate of fibreizable material. 

The fil5rous structure produced in the mode of operation described with reference to and shown in 
Rgure 2 differs significantly from the fibrous structure produced by the mode of operation described with 
reference to and shown in Rgure 1 . In the Rgure 1 mode of operation, the fibres are generally in the range 
0.5um to 2am, and mostly of approximately lum diameter, and are generally randomly oriented. In the 

45 Rgure 2 mode of operation, however, while some fibres of diameter of approximately lum (in the range 
0.5w.m to 2um) are still fonmed on the mandrel 1 1 with random orientation, fibres of a larger diameter are 
also produced, probably from the fibres whose path length to the mandrel 11 is lengthened because of the 
different electrostatic field. Rbres of a diameter up to 20um may be produced and. in general, the larger 
the fibre diameter, the more likely is that fibre to be arranged circumferentlally with respect to the 

50 longitudinal axis of the mandrel 11. The larger diameter fibres are. in effect, more likely to be wound around 
the mandrel 1 1 leading to circumferential orientation. 

In general, the Rgure 2 mode of operation will be achieved at a low rate significantly higher than the 
Rgure 1 mode of operation. 

If. however, the flow rate of the Rgure 2 mode of operation is maintained by electrostatic conditions are 

55 altered and the mandrel speed is reduced such that the electrostatic conditions are similar to those of the 
Rgur 1 mode of op ration but with a mandrel speed reduced to. for example 1000 rpm as opposed to, for 
example, 5000 rpm for the Rgures 1 and 2 modes of operation, fibreizable material is collected on the 
mandrel 11 in a further different way. Because of the electrostatic field in existance, material is attracted 
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with a short path length and ss ntially dir ctly to the mandrel 11. However, high flow rates mean that there 
Is insufficient time for solvent containing the polymeric material to evaporate completely and fibres aniving 
at the mandrel 11 ar still substantially wet, resulting in fibres anriving on the mandrel 11 forming a meld to 
provide a continuous and substantially non-porous layer around the mandrel 11. 
5 The Figure 3 mode of operation may be used in providing a substantially non-porous layer in a tubular 
fibrous graft. An xample of the method of producing such a graft with a non-porous layer in is as follows:- 

1. Initial formation of a fibrous structure is carried out in the Rgure 2 mode of operation with the 
mandrel voltage at 6.9kv. the voltage of grids 13 and 15 at 9kV and mandrel speed at 5000 rpm. 

2. When half the total volume of fibreizable material has been deposited, the mandrel voltage is 
TO increased from 6.9kV to IlkV, the grid voltage is reduced from 9kV to 6kV and the mandrel speed is 

reduced to 1000 rpm, producing the Rgure 3 mode of operation. These conditions are maintained for 20 
minutes, the flow rate being unchanged. 

3. After 20 minutes, conditions are returned to those set out in paragraph 1 above. 

Rgures 4. 5, 6 and 7 illustrate the sorts of structure appearing in a tubular vascular graft made by the 

rs method just described. Rgure 4 illustrates the type of microstructure produced in the Rgure 2 mode of 
operation, R being apparent that fibres of a diameter of approximately 1u.m extend randomly in direction 
over the structure, whereas fibres of larger diameter extend generally circumferentially. 

It has been found thai the microstructure produced in the Rgure 2 mode of operation includes elongate 
voids in the structure which generally extend drcumferentially with respect to the longitudinal axis of the 

20 mandrel 11 and the tubular fibrous structure formed on it Rgure 5 illustrates the presence of the voids 16, 
Rgure 5 being a scanning electron microscope photograph of a section through .the microstructure. The 
presence of the voids 16 In the microstructure assists in resisting kinking of the structure upon bending. 

Thus the inner layer of a graft produced according to the method example set out above would have a 
structure as shown rn Rgures 3 and 4. 

25 Rgure 6 is a cross-sectional view of the non-porous layer Indicated by reference numeral 20 in Rgure 
6. In this particular case, a graft was held in liquid nitrogen for 1 minute and then broken open. A specimen 
was observed using a scanning electron microscope. The non-porous melding layer can be seen as the 
smooth, broad band 20 passing from top to bottom. The layer 20 is v-shaped, following a contour on the 
graft and is approximately 20um wide. Spun fibres can be seen on either side of the layer 20, indicating 

30 that the fibrous structure has not been destroyed in formation of the non-porous layer 20 during arrival of 
the wet fibres. 

Rgure 7 shows the surface of the non-porous layer 20, the particular graft illustrated in Rgure 7 having 
been made according to the method set out above but with the spinning process halted immediately after 
application of the non-porous layer 20. A portion was cut from the graft and this was viewed en face using 

35 the scanning electron microscope. As can be seen in Rgure 7. the surface of the non-porous layer is very 
smooth and no fibres are visible, indicating that a melded layer was fonned. The nature of the fibrous 
structure beneath the layer 20 is of the Rgure 2 mode with larger circumferential fibres. This is clearly 
illustrated in Rgure 7 with the layer 20 following the contours. Some holes are visible at the peak of each 
contour which accounts for the final graft being slightly porous although the graft is substantially non-porous 

40- as a result of the layer 20. 

It will be appreciated that the substantially non-porous layer could be anywhere within the fibrous 
structure but it is preferred to have the substantially non-porous layer towards the outside of the graft in 
order to assist physical properties. Part of the attraction of the Rgure 2 mode of operation structure 
including circumferentially oriented voids and larger diameter fibres is the good resistance of such a graft to 

45 kinking explained in straightforward terms by the fact that the voids and circumferential large fibres allow 
without overall distortion of the structure axial compression and elongation. By putting the substantially non- 
porous layer towards the outside of such a graft, the substantiall non-porous layer follows ^e contours of 
the structure including the larger diameter fibres and the undulations thereby produced permit flexure of the 
tubular structure because the substantially non-porous layer is circumferentially corrugated, elongation of 

50 the substantially non*porous layer causing the conrugations to be pulled out and axial compression of the 
structure causing the corrugations to be accentuated. 

It will be appreciated, however, that a substantially non-porous layer could be of assistance In structures 
of the Rgure 1 mode of operation and such a graft could readily be produced by changing the conditions to 
those set out above for th Rgure 3 mod of operation during production of an otherwise Rgure 1 mode of 

55 production graft. 
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The presence of a substantially non-porous layer in a graft has a general effect on physical properties 
as illustrated in the table below in which a graft solely of the Figure 2 mode of production is compared to a 
graft of the Figure 2 mode of production but including a substantially non-porous layer made by the Rgure 
3 mode of production although both have an inner fibrous sub-layer of approximately lOOOum of Rgure 1 

5 mode of production. For the graft including the Rgure 3 mode layer, the bulk of the inner fibrous layer was 
formed on a mandrel of 6.3mm diameter rotating at 5000 rpm, the mandrel voltage being 66.9kV and the 
grid voltage being 9.2kV. The substantially non^porous layer was operated with the same flow rate but with 
the mandrel rotating at 1000 rpm. the mandrel voltage being 12kV and the grid voltage being 6kV. The 
outer fibrous layer was produced with the mandrel speed of rotation being 1000 rpm, the mandrel voltage 

TO being 6.9kV and the grid voltage being 9.2kV. The physical property comparison is as follows:- 
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PHYSICAL PROPERTY COMPARISON 

Pig. 2 »ode 

Eig, 2 mode graft with Fig, 

graft* 3 mode layer. 

Density (gms/cc) 0.2171 0o2764 

Wt. per can (gm/cm) 0.0518 0.0538 

Internal diameter (nm) 5.848 5.8133 

Outer diameter (nm) 8.036 7.6533 

Straight kink diameter 
(am) 

at 0mm Eg 16mm 46mm 

15mm Eg 15am 36mm 

100mm Eg 15mm 32mm 

150mm Eg ISmm 31fflm 

Porosity (ml/cm2-min) 54.26 28.02 

Suture pullcut (gms) 476.5 587.9 

Circumferential ultimate 

stress (kg/cm2) 34.565 49.523 
Circumferential modulus 

(kg/cm2) 11.035 12.457 
Longitudinal ultimate 

stress (kg/cm2) 9.632 21.181 
Longitudinal modulus 

(kg/cm2) 2.709 4.099 

It will be appreciated that many different combinations of mandrel size, mandrel to needle spacing, grid 

spacing and potentials could be used to create a substantially non*porous layer and that the foregoing 
example is merely illustrative. 
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The advantages of the graft produced are that the porosity of the Rgure 2 mode graft is substantially 
reduced by the presence of the substantially non-porous layer, passage of blood plasma through the graft 
being substantially prevented on first contact with blood. The strength properties are enhanced and 
flexibility is not impaired significantly. Excessive ingrowth of living tissue into the graft from outside is 
5 prevented due to the substantially impervious layer. The result is a graft which has attractive properties as a 
synthetic vascular graft. 
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1 . A synthetic vascular graft having a first porous layer extended from one surface, a second porous 
layer extending from a second surface and a substantially non-porous layer lying between said first and 
second layers. 

2. A graft as claimed in Claim 1 being tubular witii the porous layers on the inside and the outside of 
75 the graft 

3. A graft as claimed in Claim 1 or Claim 2 formed of electrostatically spun polymeric fibres. 

4. A graft as claimed in Claim 3 when the graft is formed by a continuous electrostatic spinning 
process. 

5. A graft as claimed in any preceding Claim wherein the polymer is the same throughout the stiucture. 
20 6. A graft as claimed in any one of Claims 1 to 4 wherein the polymer varies in composition in the 

structure. 

7. A graft as claimed in any preceding Claim wherein the substantially non-porous layer comprises a 
multiplicity of electrostatically spun fibres collected in conditions where the fibres are not dry of solvent 
causing melding of those fibres due to the presence of solvent 
25 8. A graft as claimed in any preceding Claim wherein tiie first porous layer is of different structure from 
the second porous layer. 

9. A graft as claimed in Claim 8 wherein tine first porous layer comprises at least a portion having a 
mixture of microfibres of a first diameter substantially randomly oriented and microfibres of a second 
diameter larger than tiie first and an^anged substantially circumferentially with respect to ttte longitudinal 

30 axis of the tube. • 

10. A graft as claimed in Claim 9 wherein said portion including microfibres of said first and second 
diameters further includes circumferentialy oriented voids. ^.^^^.snrwt*, 

11. A graft as claimed in Claim 9 or Claim 10 wherein the inner layer comprises a plurality of sub- 
layers, the Innermost of which comprises a microstructure of microfibres generally of said first diameters 

35 and generally randomly oriented. 

12. A graft as claimed in any preceding Claim wherein tfie outenmost area comprises a microstructure 
of microfibres randomly oriented. 

13. A graft as claimed in any preceding Claim wherein the substantially non-porous layer is nearer the 

outer surface than the inner surface of tiie graft ^ ^ 

40 14. A metiiod of electrostatically spinning a vascular graft using an electrostatically chargled. spinning y''^ 
mandrel and electrostatically charged means in the region of the mandrel to produce. an* Electrostatic field," 
which metiiod comprises the steps of selecting a desired initial potential for the mandrel, selecting a 
desired initial potential for the electrostatically charged means and introducing fibreizable material into the 
electrostatic field produced by the mandrel and tiie electrostatically charges means to produce a first layer ^ 
45 of fibrous structure on the mandrel, altering ttie spinning conditions such that the fibreizable material anives -^"^^ 
at tie mandrel with sufficient solvent to cause a substantially non-porous. non-firtDrous layer to form on said 
first layer of fibrous structure, and altering the spinning conditions again to produce a second fibrous layer 
outside said substantially non-porous, non-fibrous layer. 

15. A method as claimed in 14 wherein the spinning conditions are varied by altering the electi'ostatic 
50 field. 

16. A method as claimed in Claim 14 wherein the spinning conditions are varied by altering flow rate of 
fibreizable material into tiie electrostatic field. 

17. A metiiod as claimed in any one of Claims 14 to 16 including a furttier step of altering tiie spinning 
conditions during production of the first fibrous layer such that two sub-layers of differing fibrous structure 

55 are formed in said first lay r. 

18. A method as claimed in any one of Claims 14 to 17 for producing a non-tubular vascular graft, 
which method comprises th further step of removing the graft from the mandrel and cutting tii desired 
dimension of graft from the tube. 
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SEM of the microstructure of q composite graft . 
Scale: 1mm. = Ijiim . 
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